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1 Executive Summary

The MiniBooNE experiment at the Fermi National Accelerator Laboratory (FNAL) was
designed to probe neutrino oscillations at the few eV mass scale. Running for the last
decade in both neutrino and antineutrino mode, MiniBooNE has successfully accomplished
its primary objectives and produced measurements that support the oscillation interpretation
of the LSND signal. Systematic uncertainties now dominate total measurement errors, and
therefore more statistics in either neutrino or antineutrino mode will not provide significant
new information on the question of oscillations.

A proposal to the FNAL PAC in 2012 [1] called attention to a new opportunity for the
MiniBooNE experiment to carry out a sensitive search for light dark matter particles. Recent
theoretical work has highlighted the motivations for light sub-GeV dark matter candidates
that interact with ordinary matter through light mediator particles. These scenarios con-
stitute a cosmologically and phenomenologically viable possibility to account for the dark
matter of the universe. Such light dark matter particles are difficult to probe using tradi-
tional methods of dark matter detection, but can be copiously produced and then detected
with neutrino beam experiments such as MiniBooNE. This represents a new experimental
approach to the search for dark matter and is highly complementary to other approaches,
such as underground direct detection experiments, cosmic and gamma ray satellite and bal-
loon experiments, neutrino telescopes, and high energy collider experiments. Furthermore,
searches for light dark matter provide an additional important physics motivation for the
current and future experimental particle physics research program at FNAL.

In the standard beam on target configuration of MiniBooNE, a large flux of neutri-
nos emerges out of the proton-beryllium target collisions and are then detected through
a charged or neutral current scattering signature in the large-volume electromagnetically-
sensitive detector located 540m downstream. Slightly modifying the beam configuration
allows the protons are steered past the target and onto the fixed 50 m absorber at the end
of the decay volume. This beam-dump mode provides an ideal setup to search for low mass
dark matter particles. For motivated dark matter models based on hypercharge kinetic mix-
ing, MiniBooNE can probe parameter regions that are consistent with the observed cosmic
relic abundance and explain the muon g − 2 discrepancy. More generally, a detailed mea-
surement of the beam-dump Neutral Current Elastic (NCE) rate, constrained by the high
statistics muon NCE to Charge-Current Quasi Elastic (CCQE) differential cross-section ra-
tio ((dσNCE/dQ2

QE)/(dσCCQE/dQ2
QE) ) measured in both neutrino and antineutrino mode,

will allow for a very sensitive test for possible new physics contributions, presumably from a
dark sector, which is expected on general grounds to couple to the Standard Model through
a neutral current-like interaction.

MiniBooNE has completed its antineutrino run, and has the capability for continued
stable operation for many years. The recently strengthened collaboration is committed to
running the experiment and analyzing the data in a timely manner. Extrapolating from
recent proton on target (POT) rates, and assuming no technical problems, MiniBooNE
could reach a total of 1.75×1020 POT by mid 2014 when MicroBooNE begins operation and
switches to neutrino mode.

The original 2012 PAC request [1] for beam-dump running was declined. The PAC
found the physics case to be motivated, but raised fair concerns regarding the remaining

4



collaboration resources and suggested a dark matter search analysis first be performed on
the existing neutrino and antineutrino data already collected. This proposal will describe
how these criticisms have been addressed. Furthermore, it will be shown that with the
critical information gained from a short test run in the spring of 2012 and more recently
the fall of 2013, the sensitivity to light dark matter particles can be significantly improved
with a longer beam-dump run. It is estimated that with a total of 1.75×1020 POT in beam-
dump mode deviations from the null hypothesis of the NCE rate can be detected at the
10% level, where systematic errors start to dominate. Interpreted in terms of canonical light
dark matter models with kinetic mixing, this measurement can exclude an explanation of
the muon g − 2 anomaly at the ∼ 3σ level over much of the parameter space. This new
analysis leverages our detailed understanding of the (dσNCE/dQ2

QE)/(dσCCQE/dQ2
QE) cross

section ratio measured with high statistics in both neutrino and antineutrino mode, and the
use of reconstructed nucleon energy and beam timing to reject backgrounds.

In the last year the intensity frontier community has recognized our experimental methods
and theoretical models as being novel and worthy of pursuit. The technique of searching
for light sub-GeV dark matter with proton fixed target and beam dump setups has been
extensively highlighted in the Snowmass 2013, LBNE, and Project X white papers [2]. The
ongoing MiniBooNE effort represents the pioneering search for light dark matter with a
neutrino experiment. A run as proposed here will be the first dedicated proton beam-dump
experiment with enough statistics to perform a significant analysis, resulting in new strong
limits on light dark matter and publishable results. In addition, a successful execution of
this proposal and a demonstration of the technique to search for light dark matter will
allow current and future FNAL experiments such as MiniBooNE+, MicroBooNE, LAr1-ND,
NOvA, MINERvA, and LBNE to build on the lessons learned from the MiniBooNE run
and develop their own searches. The Project X proton accelerator proposal can take these
searches to the next level with significantly higher anticipated proton rates. Searches for
light dark matter provide a novel and important physics motivation for intense proton beam
and sensitive detector facilities, which are, and will continue to be, the bedrock of the FNAL
experimental program.

Using MiniBooNE to search for light sub-GeV dark matter will take a well understood
experiment and put it to a new and exciting use. The search for dark matter is one of the
top priorities in particle physics today, and represents one of our best indications for new
dynamics beyond the Standard Model. MiniBooNE has the capability to probe a completely
new range of dark matter model/parameter space. Discovery of light dark matter would
revolutionize our view of the universe and would have dramatic implications for the future
of particle physics and cosmology.

MiniBooNE requests running to collect a total of 1.75 × 1020 POT in beam-

dump mode. This will allow a sensitive measurement of the neutral current elastic

nucleon event rate in a beam configuration mode that enhances any possible non-

Standard Model contribution, with significant sensitivity to specific models of light

dark matter in a parameter region consistent with the required cosmic relic density

an explanation of the muon g − 2 discrepancy. The experiment further requests

that this beam be delivered in 2014 before the MicroBooNE experiment turns on.
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2 Introduction and Motivation

The hypothesis of dark matter in the form of a new stable elementary particle provides a
compelling and economical account of a variety of otherwise mysterious gravitational phe-
nomena, such as the flatness of the velocity rotation curves in galaxies, the gravitational
lensing of light from distant luminous sources, the amount of structure observed on large
and small scales in the universe, and the precisely measured temperature anisotropies in the
cosmic microwave background radiation. Indeed, the evidence for dark matter provides one of
the strongest motivations for new particle physics beyond the Standard Model. A dedicated
experimental program has emerged over the past two decades to detect the non-gravitational
interactions of dark matter with ordinary matter, including searches in underground direct
detection experiments, cosmic and gamma ray satellite and balloon experiments, neutrino
telescopes, and high energy collider experiments.

It has recently been demonstrated [5, 6, 7] that neutrino beam experiments, and Mini-
BooNE in particular, have significant potential to search for light sub-GeV mass dark mat-
ter particles. The basic experimental principle is analogous to neutrino detection: light
dark matter particles are produced in the primary proton-target collisions and subsequently
travel to the near detector downstream and scatter with electrons or nuclei, leaving a neutral
current-like signature. This method of searching for dark matter is complementary to the ap-
proaches cited above and provides the best sensitivity to light dark matter below a few GeV
in mass interacting with quarks through a light mediator. The exciting prospect of searching
for dark matter in this manner gives important new motivation to the FNAL experimental
particle physics program at the intensity frontier, as experiments such as MiniBooNE, MI-
NOS, MiniBooNE+, MicroBooNE, LAr1-ND, NOvA, MINERvA, and in the future, LBNE
and Project X all have the potential to carry out searches for dark matter.

This proposal summarizes the physics case and technical feasibility for a dedicated dark
matter search at MiniBooNE in a beam-dump run configuration. As we will describe in
detail below, this run mode substantially reduces the neutrino flux, and thus the rate of
neutral current neutrino scattering, which constitutes a primary background to the dark
matter signal. With 1.75×1020 POT a highly sensitive search for sub-GeV dark matter can
be carried out that will allow MiniBooNE to probe new regions of parameter space, and for
certain motivated models of dark matter, will provide the best sensitivity.

An important ingredient of realistic light dark matter models is the presence of light sub-
GeV mediator particles that couple dark matter to ordinary matter [16, 17, 18] (see also [19]).
In the canonical thermal freezeout scenario, such light mediators are generally required to
open up new annihilation channels in the early universe in order for light dark matter to
achieve the required relic abundance and evade the so-called Lee-Weinberg bound [15]. In
asymmetric dark matter scenarios [8], light mediators are generically invoked to deplete the
symmetric dark matter component. While essential for a viable cosmology, light mediators
are also clearly desirable from a phenomenological perspective as they mediate dark mat-
ter production and scattering channels that can be exploited by low energy, high intensity
experiments. In particular, at neutrino experiments such as MiniBooNE, light mediator par-
ticles will be produced in the proton-target collisions and subsequently decay to dark matter
particles, thus supplying a relativistic source of dark matter particles which can be detected
via elastic scattering on nuclei or electrons in the near detector.
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Light dark matter and light mediator particles have been the subject of intense theoret-
ical and experimental investigation in recent years. MeV-mass dark matter was originally
proposed [13] to account for the via annihilation a strong diffuse 511 keV emission from
the galactic bulge. Vector and scalar boson mediators with sub-GeV masses can also rec-
oncile the discrepancy in measured and calculated values of g − 2 of the muon [20, 21].
Furthermore, such mediators have received attention as a possible explanation of the pro-
ton charge radius discrepancy [23]. Therefore, both light dark matter particles and light
mediators are of considerable interest as possible explanations for various puzzles in both
astrophysics and particle physics. More broadly, searches for dark sectors and new light
weakly coupled particles has developed into a rich subfield of intensity frontier physics and
was recently prominently featured during the Snowmass community planning exercise [2]
(see also [24],[22]).

The original PAC proposal [1] highlighted the benefits of running MiniBooNE in a beam-
dump mode, in which the 8.9 GeV proton beam is steered off target and directed into
the absorber at the end of the decay pipe. In this configuration, the neutrino flux can be
reduced by about a factor of 71, while the dark matter production is unchanged. This setup
significantly reduces neutrino neutral current backgrounds that can mimic the scattering of
dark matter off nucleons or electrons. Since the last PAC proposal, MiniBooNE has utilized
new information gained from two short test runs in beam-dump mode to better understand
the dominant backgrounds to the dark matter signal in beam-dump mode, allowing for an
accurate projection of dark matter parameter space as a function of POT.

It must be emphasized that MiniBooNE has a distinct advantage in carrying out a search
of this kind: we can capitalize on the effort expended during the last decade in understanding
the detector response and the standard backgrounds – in particular, those coming from the
dirt surrounding the detector or cosmic rays. A robust and well-tested particle identification
tool-set is at our disposal and will be utilized in the dark matter search. Furthermore, Mini-
BooNE has performed a number of high-statistics neutrino cross section measurements in
both the neutral current and charged current channels [25, 26, 27, 28, 29, 30, 31, 32, 33, 34].
Indeed, the experiment has measured the cross sections for 90% of the neutrino interactions
in MiniBooNE. A new light dark matter search experiment would require a significant in-
vestment of time and manpower to achieve a similar understanding of the detector and the
backgrounds.

The proposed search will probe dark matter/mediator masses in the range of 10 - 250
MeV. We will present an interpretation of the search for a canonical scenario in which
hypercharge kinetic mixing is responsible for mediation. For this model, the beam-dump
search will cover new regions of dark matter parameter space at the higher end of this mass
range. Furthermore, for certain values of the dark sector gauge coupling, this search can
definitively test a possible explanation of the muon g−2 discrepancy. It should be emphasized
that other dark matter models exist in which the mediator couples dominantly to quarks,
and for such models the MiniBooNE search will have unique sensitivity. Furthermore, the
knowledge and experience gained with this run will prove invaluable for future dark matter
searches with NOνA, MINERνA, MicroBooNE, LBNE and Project X.
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Figure 1: The contribution to the anomalous magnetic moment of SM fermions from the vector mediator.
The crosses represent the kinetic mixing κ of the vector V with the photon.

3 Theoretical Scenario

3.1 Light Sub-GeV Dark Matter and Dark Forces

Minimal sub-GeV dark matter models are characterized by the mass scale and interaction
strengths of the dark matter particle and the mediator that controls the coupling to ordinary
matter. General effective field theory arguments suggest that the dominant interactions
of a gauge singlet mediator will be through renormalizable couplings, of which only three
are possible in the Standard Model – the so-called “portal” interactions. Within models
utilizing portals to mediate interactions, a fairly systematic exploration of the constraints on
the various dark matter–mediator combinations is possible. Sub-GeV dark matter models
are subject to a variety of cosmological, astrophysical, and particle physics constraints, as
discussed e.g. in [6, 7, 2]. With minimal model assumptions, these constraints single out
a massive U(1) vector V µ as the most viable candidate for the mediator particle, which
couples to the Standard Model through kinetic mixing with the hypercharge gauge boson
[35]. At energy scales below the weak scale, this ultimately leads to kinetic mixing with the
photon, Lmix = κ

2
FµνV

µν . Moreover, light dark matter is strongly constrained by the impact
of annihilation on the cosmic microwave background radiation (CMB), which can distort
the well measured temperature and polarization anisotropies. Thus, for a viable thermal
freezeout cosmology, the dark matter candidates should exhibit p-wave annihilation in low-
velocity regimes. This selects a complex scalar χ charged under the new U(1) vector as a
natural light dark matter candidate. Therefore, the benchmark model we consider takes the
form [6, 7],

LDM = Vµ

(

eκJµ
em + e′Jµ

χ

)

+ Lkin(V, χ) + · · · (1)

on using ∂µF
µν = eJν

em, with the electromagnetic current Jµ
em = Qf f̄γµf + · · · , to rewrite the

kinetic mixing interaction, κ
2
FµνV

µν . Jµ
χ = i(χ†∂µχ − ∂µχ†χ) + O(V µ) is the corresponding

U(1) current for scalar dark matter, with gauge coupling e′ ≡
√

4πα′. In what follows, we
assume small mixing κ, perturbative α′ ∼ 0.1, and that mV > 2mχ. The latter assumption
determines the mass hierarchy of experimental interest for MiniBooNE and implies that
V → 2χ is the primary decay mode of the mediator. Demanding that χ is a thermal relic
(i.e. with its relic abundance tied to the measured value through thermal freeze-out1), leads

1The dominant annihilation process in this regime is χχ∗ → V ∗ → SM states and is viable for mχ < mV .
For larger (sub-GeV) χ masses, the dominant annihilation proceeds via χχ∗ → V V , which is an s-wave
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Figure 2: A schematic of the dark matter production mechanisms and elastic scattering signatures.

to a constraint on the four model parameters {mχ, mV , κ, and α′}. One motivation for the
slightly larger values α′ ∼ 0.1 > α is the annihilation is more efficient, and allows more of
the parameter space to avoid the overclosure constraint.

The model described above provides a simple, viable benchmark scenario and will be
used in this proposal to provide a dark matter interpretation of the search sensitivities. The
particular model is rather unique in its ability to escape a number of particle physics and
astrophysics constraints with minimal model complexity. Furthermore, the light vector boson
mediator gives a contribution through kinetic mixing to the anomalous magnetic moments
of SM fermions, as depeicted in Fig. 1, and can account for the current 3σ discrepancy in
the muon g − 2 [20, 21].

While this scenario is viable and motivated, various modifications of the above frame-
work are plausible, and other scenarios with phenomenologically distinct signatures can be
constructed. It should be emphasized many of the constraints are model dependent, and rely
in particular to the coupling of the mediator to leptons. On the other hand, MiniBooNE
and other proton-beam experiments explicitly probe the coupling of the mediator to quarks,
and in a model-independent fashion provide the best opportunity to probe this particular
coupling. Thus, in light dark matter scenarios with leptophobic mediators, MiniBooNE will
by far provide the best coverage [9].

3.2 Dark Matter Production at MiniBooNE

At proton fixed target and beam dump experiments, there are two main production modes for
χ, where we assume mV > 2mχ so that (for α′ ∼ 0.1 and small kinetic mixing κ) the on-shell
decay V → 2χ has a branching ratio close to unity. The first channel involves direct parton-
level processes such as p + p(n) → V ∗ → χ†χ. The second channel proceeds through decays
of mesons with large radiative branching such as π0 and η in the form π0, η → V γ → χ†χγ.
The produced dark matter particles travel to the detector and can be detected via elastic
scattering on nucleons or electrons in the detector, as the signature is similar to the neutral
current scattering of neutrinos. The basic experimental principle is illustrated in Fig. 2.

The most important production channels at MiniBooNE are via π0 and η which subse-
quently decay to vector mediators that in turn decay to dark matter particles. The dark
matter can then scatter on the electrons or nuclei in the MiniBooNE detector. This process
is shown in Fig. 3. We estimate the π0 and η production rate by averaging and scaling [7]
the π+ and π− Sanford-Wang distributions used in Ref. [36] and apply the cuts from the

process and can distort the CMB.
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Figure 3: Top: The production of a pair of dark matter particles through neutral meson decay. Bottom:
The scattering of dark matter in the MiniBooNE detector. The cross represents the kinetic mixing between
the vector boson mediator Vµ and the photon.

analysis of neutral current scattering (on nucleons) in Ref. [36] to obtain a total efficiency
of about 35%. (Similar efficiencies were adopted in analyzing electron scattering.) Contours
in the parameter space of the hyperchare mixing dark matter model were calculated corre-
sponding to 1, 10, and 1000 neutral current-like scattering events on nucleons or electrons
with 1.75 × 1020 POT at MiniBooNE. While the Sanford-Wang parameterization employed
corresponds to a beryllium target, the results are not expected to differ much when steering
the beam into the iron beam dump since the ratio of the charged hadron production (which
determines the number of neutrinos produced) to neutral hadrons (which determines the
number of dark matter particles produced) is not strongly dependent on atomic number.

In Fig. 4, these contours are displayed in the plane of direct-detection scattering cross
section σN vs dark matter mass mχ for mV = 300 MeV and α′ = 0.1. The cross-section
σN describes the non-relativistic spin-independent coherent scattering on nuclei relevant for
direct detection experiments, and is to be distinguished from the actual dark matter-nucleon
elastic scattering cross-section at MiniBooNE. However, the translation allows the Mini-
BooNE sensitivity to be easily compared to direct detection experiments, whose sensitivity
weakens dramatically at low dark matter mass (we display the best limits from CRESST [42]
and XENON10 [43]). We also show the existing particle physics constraints on the model
parameters. It is worth noting that the region in which the (g−2)µ discrepancy is alleviated
overlaps with the required relic density and with a potentially large number of dark matter
scattering events at MiniBooNE.

It is interesting to compare this scenario, in which the light vector decays to dark matter
particles, with the “dark force” scenario [22, 23, 24], in which the vector instead decays
dominantly to the Standard Model. Such a comparison is easiest in the κ vs mV plane for
fixed dark matter mass. This parameter space is shown in Fig. 5, for the two regimes that can
be alternately characterized as ‘invisible’, with mV > 2mχ so that V decays invisibly to dark
matter, and ‘visible’ with mV < 2mχ so that V decays to light SM particles. The dominant
decays of the vector to dark matter weakens many of the otherwise strong constraints (see
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Fig. 5 for additional details). In Fig. 6, the MiniBooNE sensitivity contours are displayed in
the κ vs mV plane for mχ = 10 MeV and α′ = 0.1. Again, there is an interesting coincidence
between the regions of parameter space where MiniBooNE is sensitive and those that solve
the (g − 2)µ discrepancy and give the required relic density.

Figure 4: Regions of dark matter-nucleon scattering cross section (corresponding to non-relativistic spin-
independent coherent scattering on nuclei) vs dark matter mass. In this plot we have fixed mV = 300 MeV
and α′ = 0.1. Constraints are shown from monojet searches (pp → j + inv.) [44], excessive contributions to
(g − 2)µ [21], precision electroweak measurements [38], a monophoton search (e+e− → γ + inv.) [39, 40, 41]
(labeled BaBar), and low-mass limits from dark matter direct detection experiments, DAMIC [46] (1-3 GeV),
CDMSlite [47] (3-5 GeV) and XENON10 [43] (5-10 GeV). Note that a slightly stronger exclusion contour
to XENON10 has recently been obtained by LUX [48]. The light blue band represents the region where the
current ∼ 3σ discrepancy in (g − 2)µ is alleviated by the 1-loop contribution from the vector mediator [21].
The solid black line indicates where the relic density of the dark matter matches observations—the structure
in this contour is due to s-channel V ∗ resonant enhancement in the dark matter annihilation cross section for
mχ ∼ mV /2. For mχ > mV , new annihilation channels open up and this relation is modified. The left panel
shows regions where we expect 1–10 (light green), 10–1000 (green), and more than 1000 (dark green) elastic
scattering events off nucleons in the MiniBooNE detector with 1.75 × 1020 POT. The right panel shows the
same for elastic scattering off electrons.

The dark matter and vector masses chosen in Figs. 4,5,6 are representative in that the
dark matter production at MiniBooNE is not strongly sensitive to choices of mass provided
the mediator can be produced in the decays of light mesons, mV < mη, and it decays
invisibly, i.e. mV > 2mχ. Moreover, while the potential MiniBooNE sensitivity is illustrated
here for the model of light scalar χ particles interacting through a kinetically mixed vector
boson, the experimental results obtained in such a study could easily be interpreted in the
context of other models of sub-GeV dark matter and light mediators in a similar kinematic
range.

There are two important existing experimental constraints on this particular model. One
constraint, relevant for low masses 2mχ < mV < mπ0 , comes from the LSND measurement
of the neutrino-electron elastic scattering cross section [6, 51]. Another constraint, which is
important for larger vector masses, comes from a BaBar search for the monophoton signa-
ture [39, 40, 41]. Taken together, these two constraints exclude a possible explanation of
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Figure 5: Regions of kinetic mixing parameter κ (ǫ) vs vector mass mV (mA′), contrasting the existing
sensitivity to light vectors in the two scenarios where the dominant decay mode of the vector is either
visible or invisible. On the left we show the sensitivity to the light dark matter model considered here,
in which mV > 2mχ so that the vector predominantly decays invisibly and Br(V → SM) ∼ κ2α′/α with
α′ = 0.1. On the right (reproduced from [24], figure courtesy of R. Essig), this is contrasted with with the
sensitivity in the absence of light dark matter, or with mV < 2mχ, so that Br(V → SM) ∼ O(1). The
shaded regions are existing limits, while the open contours are current and planned searches. Note that in
the light dark matter scenario, many of the existing dark force constraints shown on the right are weakened
by the reduced leptonic branching ratio, while beam dump limits that rely on a long lifetime for the V are
removed entirely. In the left-hand plot, as in Fig. 4, constraints from dark force searches (labeled e+e−) [24],
the LSND neutrino - electron elastic scattering measurement [6, 51], pp → j + inv. [44] (labeled Monojet),
e+e− → γ+inv. [39, 40, 41] (labeled BaBar), J/ψ → inv. decays [45], and excessive contributions to (g−2)µ

[21] are shown, along with limits from π0 → γ + inv. [49] and K+ → π+ + inv. [50] decays. The light blue
band again indicates the region where the current ∼ 3σ discrepancy in (g − 2)µ is alleviated [21], and the
solid black line shows the parameters required to reproduce the observed relic density of dark matter.

the muon g − 2 anomaly in this model at 95% C.L., except for vector masses slightly above
the pion mass (see Fig. 6). MiniBooNE can cover the remaining (g − 2)µ motivated region
for values of α′ larger than about 0.1 with a similar confidence. However, it is important to
emphasize two points regarding (g−2)µ: 1) while (g−2)µ provides an interesting “target” in
the parameter space of this particular dark matter model (to which MiniBooNE is sensitive),
the primary motivation for these searches is as a novel and powerful probe of a generic class
of light dark matter scenarios, which extends beyond any muon (g− 2)µ motivation. 2) The
strong constraints from LSND and the BaBar search rely on the coupling of the mediator to
leptons, and if instead the mediator couples only to quarks at a substantial level, MiniBooNE
and other proton beam experiments will have superior sensitivity.

We also wish to contrast the MiniBooNE sensitivity with monojet searches at the Teva-
tron and the LHC, as both rely only on the coupling of the mediator to quarks. One can
notice from Fig. 4 that MiniBooNE has far superior sensitivity in this model. In fact, this
conclusion holds in general provided the dark matter interacts with the Standard Model
through a light, (sub-)GeV scale mediator, and can be understood as follows. In the light
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Figure 6: Regions of mixing angle κ vs vector mass mV , showing the MiniBooNE sensitivity contours for
the light dark matter scenario. The contours assume a dark matter mass mχ = 10 MeV and α′ = 0.1. The
existing limits are as in Fig. 5, while the solid black line again shows the parameters required to reproduce
the observed relic density of dark matter. The left panel shows regions where we expect 1–10 (light green),
10–1000 (green), and more than 1000 (dark green) elastic scattering events off nuclei in the MiniBooNE
detector with 1.75×1020 POT. The right panel shows the same for elastic scattering off electrons. The green
lobes showing enhanced sensitivity at lower mass are the result of vectors produced in π0 decays while the
right lobes show those from η decays.

mediator limit, the production cross section hadron colliders will fall as 1/E2, where E is the
characteristic energy involved in the collision (in practice this is roughly the transverse mo-
mentum cut employed on the hard jet in the event). Thus, in the case of a light mediator, the
rate is suppressed at high energy colliders as the typical collision energies are higher. On the
other hand, in the opposite regime of a heavy mediator or contact operator, the production
cross section will scale as E2/M4, with M the mass of the mediator (or suppression scale in
the higher dimensional operator). Thus, high energy collisions yield the highest production
rate, and in this regime LHC will provide the best sensitivity. Refs. [44, 52] consider in detail
the monojet constraints on light dark matter interacting through a light mediator.

4 MiniBooNE Dark Matter Detection Strategy and

Sensitivities

4.1 Dark Matter Signal Extraction

Once produced in the beam, dark matter can travel the ∼500 m distance through rock to
interact in the detector. The main detection channel is neutral current elastic like scattering
off nucleons or electrons in the mineral oil (CH2). To first order, dark matter scattering will
look like neutrino neutral current scattering, though with different kinematics. MiniBooNE
has already published results on NCE nucleon scattering cross section in both neutrino and
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Figure 7: Nucleon kinetic energy from dark matter scattering for various model parameters
(left). Reconstructed nucleon kinetic energy for both dark matter and neutrino scattering
after corrected for detector efficiency (right).

antineutrino mode, demonstrating that measurements of this type of process are possible
[27, 28]. Measurements of neutrino electron elastic scattering were performed and were
reported in a thesis [53].

In both cases, searching for dark matter-like signals will have to contend with the domi-
nant neutrino scattering background both from inside and outside (dirt) the tank, and beam
unrelated cosmics. Therefore, any technique that can significantly reduce or constrain these
backgrounds will improve the sensitivity of the search. Four main methods employed are:

1. Energy spectrum shape differences to extract signal.

2. Event timing relative to the beam to look for sub-luminal dark matter particles, or to
reject out of time cosmic and dirt backgrounds.

3. Beam-dump running to significantly reduce the neutrino.

4. NCE nucleon constraint from the high statistic (dσNCE/dQ2
QE)/(dσCCQE/dQ2

QE) cross
sections applied to the observed CCQE muon rate in beam-dump mode.

4.1.1 Energy Method

Dark matter-nucleon scattering events to first order look like neutrino nucleon neutral current
scattering. However, due to the kinematics of the dark matter production, it can produce a
nucleon kinetic energy spectrum different than those from neutrinos. Figure 7 shows the dark
matter kinetic energy, which peaks at low energy, for various model parameters. Also shown
is the resulting nucleon kinetic energy after it has been corrected for detector efficiency, and
overlayed on the neutrino NCE data. It is clear that differences in the kinetic energy are
apparent, with dark matter scattering occurring mostly below 250 MeV, and independent
of model parameters. Thus fitting with dark matter-nucleon energy templates will improve
the overall sensitivity.
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4.1.2 Timing Method

The dark matter mass region where MiniBooNE is sensitive is from 10 MeV up to about 200
MeV. Given the ∼500 m travel distance of the dark matter particles from the production
point to the detector, and the few nanoseconds absolute timing resolution of the detector
relative to the proton beam, we have the ability to separate out neutrino events that travel
at the speed of light from dark matter with masses above ∼70 MeV. This allows better signal
to background rejection and improves detection sensitivities.

Figure 8 shows a simple drawing of dark matter production and detection relative to
the various experiment components. A key criterium is that protons range out in the iron
absorber in ∼1 m and the π0 and η, which the dark matter particles couple to, decay promptly
on the order of 10−16 seconds. This localizes spatially and temporally the production point
of the dark matter. The produced dark matter particles then travel to the detector at a
velocity based on their mass and momentum. Figure 9 shows the relationship between dark
matter mass and timing delay for an assumed momentum of 1.5 GeV, which is the mean
momentum for typical production kinematics with the 8.9 GeV proton beam.

Absolute NCE nucleon event timing relative to the Resistive Wall Monitor (RWM) beam
signal can be reconstructed using the timing signal from the beam crossing delivered to the
detector via the 540 m cable. There are 81 RF buckets (53MHz) that contain the protons,
and the detector timing is syncronized to this RF beam structure. After various corrections
applied to the buckets, the detector event timing relative to the RWM can be reconstructed
with the 81 RF buckets overlayed on top of each other to make one profile. Figure 10 shows
a plot of the reconstructed NC nucleon timing relative to the RWM signal. Events far out
on either side of the Gaussian centroid can be considered out of time, i.e. these are events
that fall within the 53 MHz buckets, and are out of time either early or late, though we will
assume they are late for this analysis. Also shown in the plot are the various backgrounds
and their time distributions The NCE and NCE-Bkg (these are NCE events where the
pion is absorbed) events are due to neutrino interactions and are in time with the beam
RF structure. The cosmic beam unrelated background (strobe) and dirt (due to neutrino
interactions in the rock) are both flat in time. For cosmic events this is due to the fact that
they occur randomly relative to the beam. Dirt events are from the beam, however, they are
produced outside the detector in the surrounding rock and due to mass time of flight delay
and/or geometrical effects (production at right- or backward-angles) , they become out of
time relative to the beam.

Timing reconstruction studies indicate that the time resolution achievable is ∼1.8 nsec for
CCQE muon events and ∼4.2 nsec for NCE events. The larger time resolution for NCE is due
to these events being dominated by scintillation light, which is slower, compared to CCQE
muon Cerenkov prompt light. In Figure 10 one can see that in-spite of the larger resolution,
there is still useful timing information. For instance, the fact that the data and background
agree in the out-time region (0-4 and 16-20 nsec) where the cosmic and dirt backgrounds
dominate indicates that these rates are properly estimated. The cosmic backgrounds are
much more significant during beam-dump running, hence the timing is more crucial for this
run mode. For instance, looking at events in the in-time region enhances the neutrino NCE
events while rejecting dirt and cosmic backgrounds, which in beam-dump mode, are the
dominate backgrounds. If we reverse the cuts, we then can study an enriched sample of dirt
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Figure 8: Simple timing drawing showing the production and reconstruction of events.

0 5 10 15 20

0

50

100

150

200

Time Delay �nsec�

W
IM
P
M
as
s
�M
eV
�

Time Delay  (nsec)

D
ar

k
 M

at
te

r 
M

as
s 

 (
M

eV
)

Figure 9: Dark matter mass versus time delay for an average dark matter momentum of 1.5
GeV.

and cosmics. Should we find an excess in either of these regions, it can give us important
clues as to its origin and significance.

Ultimately, fitting to dark matter-nucleon timing templates will give the best sensitivity.
Work is in progress on this method and could be presented at the PAC meeting.

4.1.3 Beam-Dump Method

Dark matter scattering signals in the MiniBooNE detector to first order resemble neutrino
neutral current scattering. The number of neutrino induced background events are in the
thousands per 1×1020 POT, and would make searches for small dark matter signals extremely
difficult. A method is proposed that will reduce the neutrino flux by up to two orders of
magnitude, making sensitive searches achievable.

Dark matter production is via the vector mediator coupling to the photons in π0 and η
decay. In beam-dump running, the protons interacting in the Fe absorber produce neutral
mesons, to first order, at the same rate as in Be. Furthermore, since they decay quickly
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Figure 10: Reconstructed antineutrino NCE nucleon timing relative to the beam for both
data and absolutely normalized Monte Carlo. The individual backgrounds do not add up to
the total MC due to various weights applied for wrong-sign contributions. In-time is defined
from 4-16 nsec, and out-time from 0-4 and 16-20 nsec.

(∼ 10−16sec) they are not absorbed and hence can still produce dark matter at a rate that
only scales with protons on target.

The neutrino flux can be significantly reduced by pointing the beam past the target where
it then travels through air to the 50 m iron absorber, or 25 m iron absorber if deployed. There
is a 1 cm air gap around the target between the Be and the inner horn conductor. Since the
beam spot is 1 mm in size, there is ample room to safely point the beam past the target.
The interaction length for 8.9 GeV protons in air at atmospheric pressure is about 1 km, so
that 50 m is about a 5% interaction length.

When the protons impact the iron absorber, the charged mesons quickly range out in
the dense iron and are absorbed, thereby preventing the decay that produces neutrinos. The
few charged mesons that are produced in the air or in the iron absorber and decay are not
focused and hence the neutrinos do not gain from the horn focusing, again reducing the flux
at the detector. Monte Carlo simulations show in Figure 11 the flux reduction relative to
normal neutrino mode running. Integrating the flux reduction over all energies above 0.3
GeV, one obtains the Monte Carlo prediction for the muon neutrino flux reduction ratio:

Flux (events/POT)ν mode

Flux (events/POT)beam−dump mode
= 67. (2)

Since November 8, 2013, the BNB has been delivering test beam in beam-dump mode
to the 50 m absorber. The MiniBooNE detector is on and taking taking data as part of a
short (4-6 weeks) test run to collect enough statistics to determine important inputs to the
analysis. With three weeks of data collected, for a total of 1.8 × 1019 POT , we are able to
determine the reconstructed CCQE muon neutrino rate reduction relative to neutrino mode:
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Figure 11: Muon Neutrino+Antineutrino flux reduction in beam-dump mode relative to
normal neutrino mode as a function of neutrino energy.

Rate (events/POT)ν mode

Rate (events/POT)beam−dump mode
= 71 ± 6. (3)

The Monte Carlo flux reduction ratio is close to the measured rate reduction value.
However, slight differences are expected as the flux ratio does not include the effects of cross
sections and detection efficiency, which the rate measurement includes. Figure 12 shows the
reconstructed muon CCQE data overlayed on the Monte Carlo prediction. The agreement
as a function of neutrino energy is within statistics. A final important point is that in beam-
dump mode the Monte Carlo predicted neutrino rate is 73% and the antineutrino rate 27%
of the total. We assume an error of 50% on the antineutrino contribution.

In the previous PAC 2012 proposal, we reported a suppression ratio of 42. The difference
from here is due to the horn being turned off for the fall 2013 beam-dump test run, while
the 2012 beam-dump test run had the horn turned on (for technical reasons). Beam spray
up-stream from the target and horn in the beam line components produce mesons that travel
down the beam pipe and focused by the horn. Monte Carlo studies confirm this scenario and
are consistent with the observe rate difference. Any mention in this proposal off beam-dump
mode implies horn-off, unless stated otherwise.

For sensitivities studies here we will assume beam-dump, horn off, and 50 m absorber
measured reduction rate of 71 with respect to neutrino mode. By deploying the 25 m
absorber, the flux reduction is increased by a further factor of two. This is to be expected
since all the neutrino production is from proton interactions in air within the 50 m decay
pipe. If we reduce the path length in air by a factor of two (50m/25m), then the neutrino
rate is reduced by the same factor. This extra neutrino reduction is important for improving
dark matter-nucleon scattering sensitivity for the same POT, and should be considered
for systematic checks if a signal is found, or for future potential beam-dump runs with
MiniBooNE+, MicroBooNE, and LAr1-ND.
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Figure 12: Reconstructed CCQE muon neutrino event rate for 1.8× 1019 POT beam-dump
mode (statistical error bars). The solid blue line is the absolutely normalized Monte Carlo
prediction, showing good agreement with data. The reconstructed neutrino energy depends
on the lepton visible energy and angle with respect to the beam.

4.1.4 Predicted NCE Nucleon Rate in Beam-Dump Mode

In beam-dump mode, the predicted NCE event rate can be reliably estimated by taking
advantage of the high statistics measurement of (dσNCE/dQ2

QE)/(dσCCQE/dQ2
QE) in both

neutrino and antineutrino mode [27, 28]. Figure 13 shows the measurements made by Mini-
BooNE in these two modes. The errors are dominated by systematics, which range from 5%
to 10% below a Q2 of 0.5 GeV 2.

The CCQE muon neutrino rate as a function of reconstructed neutrino energy can be
reliably estimated as shown in Figure 12. The neutrino energy can be translated to Q2

CCQE =
2EQEEtotal(1− cos(θ)), where cos(θ) is the angle of the muon relative to the beam direction.
The nucleon Q2

N can be related to the nucleon mass (mN) and its reconstructed kinetic
energy (TN) via, Q2

N = 2mNTN . To give some scale, the maximum nucleon kinetic energy
from dark matter scattering in the model presented here is approximately 250 MeV, which
corresponds to a Q2 = 0.47 GeV 2. Thus, in bins of Q2, we can multiply the observed CCQE
muon event rate by (dσNCE/dQ2

QE)/(dσCCQE/dQ2
QE) to determine the NCE nucleon event

rate.
Since the cross section ratio is measured from data, we can use the statistical errors. The

dominant errors in estimating the NCE nucleon rate will come from two sources. First, the
statistics on the observed muon CCQE rate for 1.75×1020 POTis expected to be 1030 events,
or a 3.1% flux statistical error (7.1% for 0.35 × 1020 POT) . Second, the error in the cross
section ratio is due to the uncertainty in the relative faction of neutrinos and antineutrinos in
beam-dump mode. The error on (dσNCE/dQ2

QE)/(dσCCQE/dQ2
QE) is estimated to be 8.5%.

Adding these two errors in quadrature gives a total systematic error of 9% for 1.75 × 1020

POT and 11.1% for 0.35× 1020 POT. The biggest impact on the sensitivity is the five times
increase in the NCE data, which will reduce the statistical errors on the backgrounds from
9.2% to 4.1%, where they are no longer significant.
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Figure 13: The MiniBooNE measured (dσNCE/dQ2
QE)/(dσCCQE/dQ2

QE) cross section ratio
for neutrino and antineutrino mode. The errors are dominated by systematics, i.e. statistical
errors are small.

4.2 Dark Matter-Nucleon Sensitivities with Neutrino and An-

tineutrino Data

MiniBooNE has already published a detailed analysis of the neutral current nucleon neutrino
cross sections dependent on 6.5 × 1020 POT [27] in neutrino mode, and 10.9 × 1020 POT
in antineutrino mode [28]. The reconstructed nucleon kinetic energy was required to be
less than 650 MeV and the reconstruction efficiency is 35%. The backgrounds came from
various neutrino induced reactions such as neutrino interactions in the dirt, NCE-like events
(NCE-pion where the pion is absorbed), and others. There were a total of 95,531 (60,605)
NC events in neutrino (antineutrino) mode that were reconstructed with a purity of 65%
(40%). The total systematic error was estimated at 18.1% (19.5%). There was no significant
excess of events observed over the absolutely normalized Monte Carlo. Figure 14 shows the
NC nucleon kinetic energy for data and Monte Carlo for both run modes.

We have performed a dark matter-nucleon scattering analysis on both the neutrino and
antineutrino neutral current data sets. The neutrino data has half the POT and five times
the neutrino background as the antineutrino mode, and hence is not as sensitive. Thus, we
will only show the antineutrino analysis.

The dark matter-nucleon scattering fits included both energy and absolute RWM timing
information. Figure 15 shows the nucleon energy data and 90% limits from the fits. The
use of in-time improves the overall sensitivity by a factor of 1.5 for the low mass (shown).
Slightly better exclusions are obtained for out-time fits in the high mass region (not shown).
Clearly, with the huge neutrino backgrounds the sensitivity to the g − 2 region is poor. A
better method is needed.

20



T (MeV)
100 200 300 400 500 600

E
ve

nt
s/

(1
2 

M
eV

)

0

500

1000

1500

2000

2500

3000

Data with total error
Total MC
Neutral current elastic
NCE-like backgrounds
Dirt backgrounds
Other backgrounds

Reconstructed nucleon energy (MeV)
100 200 300 400 500 600

E
ve

n
ts

/2
4

 M
e

V
 

0

1000

2000

3000

4000

5000

Data with errors

Total MC

 NCE Signal MCν
Dirt background MC

 NCE-like backgroundsν
 induced backgroundsν

Figure 14: The NCE nucleon event reconstruction for 6.5× 1020 POT in neutrino (left) and
10.9×1020 POT in antineutrino mode (right) [27]. The Monte Carlo is absolutely normalized
to POT.

4.3 Dark Matter-Nucleon Sensitivities with One Week Beam Off

Target Test Run

With the large number of backgrounds in normal beam-on-target mode, the limits are rather
poor given the systematic errors at the ∼20% level. The best way to improve these limits is
to reduce the backgrounds from neutrino interactions. If we run in beam-dump mode with
the 50 m absorber, then we can reduce the neutrino induced NCE events by a large factor.

A background that does not benefit from the beam-dump reduction are beam uncorre-
lated events from cosmic rays. For the neutral current elastic analysis this background is
estimated at 0.5%. However, these events can be measured to high accuracy due to the large
number of random (strobe) triggers that are taken throughout the run. These events can be
subtracted off with little systematic error.

In May of 2012, a one week beam-dump run was performed to test the technical feasibility
of a longer dark matter run. The beam-dump run collected 5.58 × 1018 POT , and was
used to perform a low statistics dark matter analysis where many lessons were learned. One
difference from the run proposed here is that the horn was on, resulting in twice the neutrino
background event rate, i.e. a neutrino suppression of only 42.

The data was analyzed using calibrations and reconstruction from NCE analysis described
above. The NCE event rate prediction was determined from the Monte Carlo where we tied
the overall rate normalization to the measured CCQE muon neutrino rate in beam off target.
The NCE nucleon rate is tied to the CCQE muon rate through the Fermi Gas cross section
model with MA = 1.35 [29, 30]. In beam-dump mode, and at low energies where NCE events
reside, the cosmic and dirt backgrounds dominate. The beam unrelated cosmic background
was measured using the random strobe trigger. The dirt was measured with high statistics
in neutrino mode and then scaled by POT.

The reconstructed NCE event timing relative to the beam is shown in Figure 16, showing
the event type breakdown and total backgrounds. Clearly, the beam unrelated cosmic and
dirt backgrounds are significant for both in-time (6-14 nsec) and out-time (0-4 and 14-20
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Figure 15: Dark matter-nucleon scattering fits to the antineutrino neutral current data set
(10.9E20 POT). The plot on the left shows the reconstructed nucleon energy data (stat+sys
error bars), absolutely normalized MC (red line), and best fit (blue line). The plot on the
right is the resulting energy and in-time fit 90% exclusion limit (grey line) for the kinetic
mixing coupling κ (related to cross section) versus dark matter mass (Mχ) parameter space.

nsec), while neutrino related NCE background dominates in-time. Making a simple time cut
can enhance low mass dark matter searches (0-70 MeV) in-time and heavier dark matter
searches (70-150 MeV) out of time. This was one of the important lessons learned with the
beam-dump test run and use of timing. Clearly, fitting to dark matter-nucleon scattering
timing distribution will give the maximum sensitivity, but for the purpose of understanding
the effect, and a simple analysis, this works well.

The in-time and out-time energy distributions are shown in Figure 17 and event break-
down in Table 1. The systematic errors on the NCE are around 30% and come from the flux
normalization and optical model. Systematic errors on dirt is 10%, and the strobe systematic
errors is only 2% (though there is a sizable data statistical error contribution). Limits at the
90% CL have been generated that just touch on the upper part of the muon g − 2 band, a
bit worse than the limits set in antineutrino mode. This is remarkable given that the data
set is only 0.5% of the antineutrino data and shows the power of the beam-dump method to
reject NCE backgrounds.

It will be shown in the next section that improvements in the large systematic errors are
achieved with the use of the (dσNCE/dQ2

QE)/(dσCCQE/dQ2
QE) constraint that is provided by

the neutrino and antineutrino cross section measurements.

4.4 Projected Dark Matter-Nucleon Sensitivities with 0.35E20

POT and 1.75E20 POT in Beam-Dump mode: The Case for

more Running

An important improvement realized for a dark matter search is constraining the NCE back-
ground event rate to the measured CCQE muon event rate, thereby significantly reducing
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Figure 16: Data and MC event timing relative to the RWM for the one week test beam-dump
run (5.58 × 1018POT and horn on). On the left shows the various background components,
and on the right the total background. Error bars are the data and are statistical only.

Event Type In-Time (4-16 nsec) Out-Time (0-4 and 16-20 nsec)

Data 24 5

NCE 9.3 1.4

Dirt 1.0 0.8

Cosmic 6.5 4.7

Total Background (stat/sys errors) 16.8 ± 4.1 ± 3.0 6.8 ± 2.6 ± 0.6

Data-Background (stat/sys errors) 7.2 ± 4.1 ± 3.0 −1.8 ± 2.6 ± 0.6

Table 1: Reconstructed NCE nucleon data and backgrounds for 5.5×1018 beam-dump (horn
on) running for 50-600 MeV, and event Radius ¡ 4 m. Systematic errors are 30% on the
NCE, 10% on dirt and 2% on strobe.

systematic errors in the background prediction (see Section 4.1.4). Other important back-
grounds include beam unrelated cosmic events which are measured at a high rate (increased
from 2 Hz to 15 Hz) with a random trigger. Dirt backgrounds are also significant but are
tied to the neutrino flux, which is reduced in beam-dump mode, and is measured in both
neutrino and antineutrino mode with a systematic error of 10%.

The event time of flight plays an important role in the simplest way by considering in-
time and out-time regions to perform the energy fits. This allows a factor of two reduction
in beam unrelated and dirt events for in-time, and a factor of six reduction of NCE events
for out-time. A more sophisticated fit will use the dark matter-nucleon timing combined
with energy distribution fits. This work is almost complete and might be available for the
PAC meeting in January.

Putting everything together Figure 18 shows the expected dark matter-nucleon scattering
sensitivity for 0.35×1020 POT and the requested 1.75×1020 POT. The improved analysis and
the increase in data results in 3σ coverage of the entire muon g−2 signal region. Also shown
are the expected 5σ sensitivity coverage, which is not insignificant. The plots shown are for
a vector mediator mass MV = 300 MeV and α

′

= 0.1. The choice of these representative
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Figure 17: Data and MC reconstructed nucleon kinetic energy for the one week test beam-
dump run (5.58×1018POT) and horn on. On the left shows in-time events, and on the right
out-time events. The the various Monte Carlo background components are shown as colored
lines. Error bars are the data and are statistical only.

0.35 × 1020POT 0.35 × 1020POT 1.75 × 1020POT 1.75 × 1020POT

Event Type In-Time Out-Time In-Time Out-Time

Data - - - -

NCE 54.9 10.9 274.6 54.7

Dirt 7.1 4.7 35.9 23.9

Cosmic 43.3 28.8 216.6 143.9

Total Background 105.5 ± 10.3 ± 6.7 44.4 ± 6.7 ± 1.5 527.1 ± 23.0 ± 25.3 222.5 ± 14.9 ± 6.2

Dark Matter Signal 67 45 275 221

Signal Significance 5.4σ 6.5σ 8.0σ 13.7σ

Table 2: Expected NCE nucleon and backgrounds for 0.35 × 1020 and 1.75 × 1020 POT in
beam-dump mode. The dark matter number of events are for signal points along the center
of the muon g−2 band. The first error on the total background is statistical and the second
systematic.

parameters are discussed in the Section 3.
The event breakdowns, and errors for in-time and out-time are shown in Table 2. Also

shown are the signal dark matter-nucleon rates along the center of the muon g−2 band. These
give a sense of the signal size relative to backgrounds and errors, with the last row showing the
significance. The individual systematic errors are 9% on NCE (12% for 0.35× 1020), 10% on
dirt and 2% on cosmic (beam unrelated) backgrounds. The total statistical plus systematic
errors are 15.2% for 0.35 × 1020 POT, and 9.9% for 1.75 × 1020 POT. The columns in-time
(4-16 nsec) and out-time (0-4 and 16-20 nsec) are simple time cuts relative to the beam that
enhances sensitivity to dark matter mass below 100 MeV, and above 100 MeV, respectively.
The signal sensitivity for solutions along the center of the muon g − 2 band are definitively
covered above 5σ for 0.35 × 1020 POT or more.
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Figure 18: The cross section versus dark matter mass for the nucleon scattering channel for
the beam-dump mode. MiniBooNE in-time estimated 3σ (left) and 5σ (right) C.L. upper
limits for 0.35 × 1020 POT and 1.75 × 1020 POTare shown. The plot assumes a mediator
mass MV = 300 MeV, and α′= 0.1. The width of the sensitivity lines represent the ±25%
dark matter production errors.

4.5 Dark Matter-Electron Scattering Analysis

In the case of elastic scattering off electrons, we can make use of the kinematic fact that
dark matter scattering will put the electron in a very forward direction with respect to the
beam direction. In fact, the scattering angle with respect to the beam, θbeam, will mostly
satisfy cos θbeam > 0.99 for dark matter scattering as well for electroweak neutrino-electron
scattering. This is observable given that the MiniBooNE direction reconstruction sensitivity
is 3 degrees [54], and a simple cut cos θbeam > 0.99 reduces neutrino backgrounds by 98%.
A more sophisticated analysis will fit the backgrounds and then extrapolate into the region
cos θbeam > 0.99 to estimate the signal. This method has the advantage of not relying on the
Monte Carlo for background estimations, and hence, significantly reduces systematic errors.

Currently we do not have a detailed analysis of the dark matter-electron scattering anal-
ysis due to the fact that the current oscillation electron analysis has a 140 MeV lower energy
threshold. Much of the anticipated electrons from dark matter scattering would have a en-
ergy below this threshold. In order to extract the most sensitivity requires much work to
lower the energy threshold. The current particle identification needs to be verified at this
lower energy, and the copious Michel electron rate needs to be handled. We have identified
a team of collaborators who have taken on this job, and are already making good progress.
We anticipate the ability to analyze this channel sometime in the next six months.
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5 Experiment Turn On, Test Run Goals, and Collabo-

ration Strength

The BNB (Booster Neutrino Beamline) and MiniBooNE detector were off during the recent
year and a half FNAL accelerator shutdown. The BNB was recently turned back on in the
early fall of 2013 to ensure it is running normally and ready for MicroBooNE running in
2014. After a month of repairing broken ion pumps, and fixing vacuum leaks, beam was
successfully re-established. Also, the new beam multiwires which were installed during the
shutdown were successfully commissioned and the new fiber RWM beam timing system was
commissioned as well. This was accomplished with a short test run after the beamline was
turned on. Also, the MiniBooNE detector was operated in order to take 5.5 × 1018 POT in
antineutrino mode. This allowed a comparison of the target, horn, and decay pipe region
performance to before the long shutdown. Figure 19 shows the results of this run where the
reconstructed muon CCQE rate and energy was found to be consistent with antineutrino
running before the shutdown. It has also been noted that before MicroBooNE turns on, it
would be desirable to take a approximately one month high statistics neutrino run to check
that that neutrino flux is identical to the flux MiniBooNE observed during its neutrino run.
It is an important systematic check for MicroBooNE, since it will be a brand new detector
and target (LAr) which will require some time to shake down and understand before it can
verify the flux itself.

It should be noted that if a significant beam-dump NCE nucleon excess is observed
during the proposed run, the background systematics can be changed in a controlled fashion
by deploying the 25 m absorber and running for about three months. The 25 m absorber
will reduce the neutrino flux and backgrounds by a factor of two, thus enhancing the signal
significance. This action would only be proposed should there be strong motivation from the
data.

After the antineutrino test run was completed by the beginning of November 2013, the
BNB was configured to run in beam-dump, mode to collect 0.35 × 1020 POT. This run will
allow MiniBooNE to collect enough statistics in this mode to improve the determination
of the the neutrino flux reduction, which is an important input to the analysis. Also, the
extra data will allow us to test the analysis methods we have proposed, which will decrease
systematic errors significantly. At the time of the writing of this proposal we have collected
about 0.22×1020 POT, and will run till we reach our goal. It is our aim to analyze this data
and present the results at the PAC, to demonstrate that the new analysis method works,
and delivers the expected sensitivity.

The success of the run and analysis requires a minimum number of personnel to staff shifts
on a continual basis, and perform the low level data checks and high level physics analysis.
At the time of the 2012 PAC proposal, we had 25 collaboration members willing to perform
shift duties and analysis at fractional time. In the last year, due to the gaining awareness
and interest in the physics of proton fixed target searches for light mass dark matter, our
collaboration strength has increased. We now project 40 members with 5 new institutions
added, and five participating theorists, three of which are full fledged collaboration members.
The collaboration is also becoming international with institutions from Canada, Mexico, and
the UK joining.

26



Figure 19: Reconstructed muon CCQE events from the recent antineutrino test run (data)
compared to high statistics antineutrino rates before the shutdown (red line). The plot shows
that after the shutdown the muon CCQE event rate and energy distribution are consistent,
indicating the BNB target, horn, and decay pipe are working normally.

With 40 collaborators currently signed up, the shift burden will be about two 12 hour
shifts a month. Given that the run is at most eight months in length (starting in the Fall
of 2013), and the high level of interest in the run itself, this is not considered too much of a
burden. Furthermore, remote shifting was enabled four years ago that allows shifters to take
shifts from remote institutions. This has been instrumental in allowing off-site personnel to
continue shift duties and participation in the experiment.

The cost of running the beamline is small, and continued running of the BNB is desired to
ensure it is operating normally and ready for MicroBooNE running. It has been determined
by Accelerator Division that running in beam-dump mode is safe and not considered a risk,
especially since the beam does not impact the Be target and the horn remains off.

6 Summary

MiniBooNE has an unprecedented opportunity to search for dark matter. For certain mod-
els of light sub-GeV dark matter interacting via a light mediator which dominantly couples
to quarks, MiniBooNE will have superior sensitivity in comparison to all other probes. In
models based on hypercharge kinetic mixing, the sensitivity overlaps with a possible expla-
nation of the muon g−2 discrepancy as well as the observed relic abundance. This powerful
probe of light dark matter is achieved by directing the beam past the target and onto the
50 m absorber, where neutrino production and thus the neutral current background rate is
dramatically reduced, enhancing the sensitivity to dark matter or other exotic physics. We
have described a variety of handles that will be exploited to enhance the sensitivity of this
search to new physics contributions to neutral current - like signals, including nucleon energy
shape, event timing, and the precise NCE/CCQE cross section ratio measurement.
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It should be emphasized that this proposal, for concreteness, presented an interpretation
of the search sensitivity for a particular dark matter model. However, the measurement of
the beam-dump neutral current nucleon rate, which is highly constrained by the neutrino and
antineutrino measured CCQE muon rates, provides a sensitive test of deviations from the
Standard Model in a model-independent fashion, and can be straightforwardly interpreted
in a variety of other new physics contexts.

MiniBooNE has the capability to perform this analysis in a timely manner. The collabo-
ration will harness the last decade of work for this search, including the particle identification
and higher analysis tools, extensive studies of the detector response, and relevant neutrino
cross sections measurements. MiniBooNE has a proven track record of delivering on its
goals, both operationally and with publications. For minimal cost and running until the
middle of 2014, MiniBooNE can collect 1.75 × 1020 POT and obtain important new limits
on sub-GeV dark matter. This is the first search of its kind, and the lessons learned will help
to motivate a future program of dark matter searches with a suite of present and proposed
FNAL experiments and accelerators.

7 The Request

MiniBooNE requests running to collect a total of 1.75 × 1020 POT in beam-

dump mode. This will allow a sensitive measurement of the neutral current elastic

nucleon event rate in a beam configuration mode that enhances any possible non-

Standard Model contribution, with significant sensitivity to specific models of light

dark matter in a parameter region consistent with the required cosmic relic density

an explanation of the muon g − 2 discrepancy. The experiment further requests

that this beam be delivered in 2014 before the MicroBooNE experiment turns on.
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